Inserting Groundwater quality variability and sources potentially contributing to aquifer recharge was evaluated in metropolitan Karachi. 
Introduction
Groundwater is the most accessible alternate source of water wherever surface water (e.g. lakes, streams) is scarce. The urban centers of the world, particularly those in developing countries, face an acute shortage of water. These shortages are due to rapid urbanization and substandard economic conditions, problem that are compounded by the lack of appropriate arrangements by government bodies. Natural and anthropogenic activities pose a potent threat to groundwater quality by altering constituent levels [1] . It is worthwhile to monitor the composition of natural water to identify the level of hazard posed by human activities, especially in megacities where water sources are more vulnerable [2] .
Natural waters are exposed to pollutants in many ways, including anthropogenic and geogenic activities [3] . High concentrations of major ions and trace elements have been reported by many researchers, along with biological and chemical oxygen, total dissolved solids (TDS) and other ions [4] [5] [6] . Instead of existing in a free state, elements in different aquifers occur in dissolved forms such as ions, complexes, suspended particles and colloid ions, whereas in sediments, they exist as solids. Various factors greatly affect the concentrations of these ions, including pH, ion strengths, redox potentials, and both organic and inorganic ligand activities. Scavenging and biological processes also contribute to changes in the amount of such species in aquatic systems [7] .
Several parameters affect the configuration of groundwater, including the mineral composition of watersheds and aquifers, precipitation, geology of the underground beds, and geochemical processes occurring naturally or anthropogenically [8] . Seasonal and spatial changes observed in groundwater chemistry are the cause of reactions occurring in aquifer minerals and other redox reactions [9] . Both natural processes and human activities are responsible for maintaining groundwater chemistry. The influence of minerals on the chemical reactions occurring in water beds heavily impacts the quality of groundwater, affecting its use for drinking, industrial and agricultural purposes.
To manage groundwater resources effectively, it is important to understand the geochemical evolution of groundwater in dry or desiccated areas, as this information can improve the knowledge of hydrochemical systems [10] [11] [12] .
Many cities or small towns situated along the seashore are mainly dependent on groundwater to fulfill their domestic and commercial requirements, including agriculture and industries, but continuous infiltration of seawater has led to declining groundwater quality, which has become a major concern.
Due to the increase in population and the scarcity of water, it is of utmost importance to identify the relationship between groundwater and saline water in coastal cities, as this information can be employed to summarize the presence and processes of chemicals occurring in aquifers, with a view towards assessing and classifying groundwater reservoirs for specific uses [9] - [21] .
The coastal megacity of Karachi, Pakistan is confronting several serious environmental threats. The water supply in Karachi is currently threatened by water Journal of Water Resource and Protection scarcity, as well as groundwater contamination due to growing municipal and industrial pollution. The present study was aimed at evaluating the pollution status of groundwater in Karachi. Multivariate techniques were used to assess the similarities and dissimilarities at different sampling sites, and to determine the pollution sources affecting the groundwater quality.
Materials and Methods

Study Area
Karachi is the biggest industrial hub of Pakistan. It has five major industrial Dam, situated north-west of Karachi city, has catered to the domestic and irrigation requirements of the residents. Currently, the three major water supply systems fulfilling citizens' water requirements are: the Indus River, the Hub Dam, and boring wells. In order to satisfy domestic requirements like drinking, irrigation, and poultry husbandry, various bore wells are dug. Hence, it is important to scrutinize the quality of groundwater on a regular basis, and to investigate artificial methods to recharge Malir River Basin through seepage.
Lithology of Karachi
The megacity Karachi and its enclosed neighborhoods are situated on bare stone composed of lime and sand on an area comprising the rearmost part of the Nari formation, which is of the Oligocene age. The characteristics of the Nari formation include siltstone, limestone, and shale interlayers in soft stones of sand. The Shab and sandstones are the subsidiaries of limestone in the Gaj formation. The major portion of the Gaj formation consists of dolomitic gypsum in the underline beds, covered by an alkaline soil. The Mianchar formation is fully covered by conglomerate, mainly dumped as a Quaternary deposit. The most important anticlines in the topography of Karachi include Pir Mangho, Landhi-Korangi, and Drig Road, which are used by the non-perennial Lyari and Malir rivers to unload their recurring water and effluvium into the Arabian Sea. Karachi is situated in the Hab River Basin and Malir River Basin. Both rivers are responsible for draining the Malir River Basin. Hence, the coastal aquifer of the mega city is principally revitalized by seepage from Hab River, Hab Dam as well as the Malir and the Lyari Rivers. Hab River flows along the boundary of Karachi and Lasbela 30 km away from the city to the west. After completion of 336 km long drainage course, it sets into the Arabian Sea in the neighborhood of Cape Monze. Saruna, Samotri and Wira Hab are its foremost tributaries. Hab River progressively broadens and, for about 80 km ahead from its mouth, is enclosed by fine pasture land. Water from rivers is used for domestic and irrigation functions once the Hab Dam was built in 1980 [22] .
Sampling and Analysis
To account for the range of anthropogenic activities occurring in various areas of Karachi, as well as the additional expected contribution of natural processes, sampling sites were selected covering nearly the whole city. The selected sites were attributed to industrial and commercial activities along with heavy traffic density and sea water intrusion. In total, 19 samples of groundwater were collected from different areas of the metropolitan city, while 10 samples of ice water were also taken from major markets situated in thickly populated areas ( Figure  1 ). The depth of these production bores ranges from 175 to 250 ft, depending upon the activities occurring in the areas they supply [23] . Global Positioning System (GPS) locations were also measured at the sampling sites using a Garmin Vista TM GPS device to interpret results using geo-spatial mapping through Inverse Distance Weightage (IDW) with the help of software ArcGIS 10.1®. Stringent quality control and quality assurance procedures were adopted through standardization, blank measurements, duplicate and spiked samples.
The accuracy of calibration curves was evaluated by analyzing quality control standards containing the analyte at a concentration in the low-and high-calibration range. The percent standard deviation of measurements, evaluated on duplicate samples was found to be better than ±10%, while spike recoveries ranged between 90% -104%.
Results and Discussion
Chemical Composition
To account for the demography and land use of the industrial hub, groundwater [24] . Electrical conductivity is one of the indicators of dissolved salts depending upon their ionic strength and mobility [25] . Its value ranged from 727 to 3448 µS/cm with a mean value of 1887 µS/cm. High EC values represent the high mineral content. In our study, all the samples except seven had higher EC than the WHO permissible limit of 1500 µS/cm. 
where Na + , Ca 2+ , and Mg 2+ concentrations are in meq/L. Generally, good quality irrigational water should have a SAR value of <10 [35] . Results revealed that 72% of the groundwater samples had SAR values much higher than 10 (range = 4.7 -109), indicating that the water quality was generally unsuitable for irrigation.
Commercially available water from ice marketed for common use was also analyzed for the physicochemical parameters (Table 1) . Due to the scarcity of water resources, groundwater is commonly used to make ice on a commercial scale. In general, pH, EC and major ions in the ice water were lower than their concentrations in groundwater. Except for pH, Certain parameters are measurable through concentration ratios in meq/L, indicating the possible sources of contaminants in water. These concentration ratios can shed light on the details of the bed rocks, the extent to which groundwater is replaced, the effects of seawater and changes in the host aquifer [36] . Cl SO . The Na + /(Na + + Cl − ) ratio is indicative of the interaction between groundwater and evaporitic minerals in sediment formation. A ratio of Na + /(Na + + Cl − ) = 0.5 suggests that groundwater obtained its salinity through dissolution of halite within sedimentary aquifer. The ratios in this study were all in the range 0.297 -0.98, indicating the effect of halite minerals [37] .
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Statistical Analysis
A multivariate analysis of the groundwater quality data set was performed using
Pearson's correlation, cluster analysis (CA), and principal components analysis (PCA) [38] . As shown in Table 2 , statistically significant correlations were found between EC and other ions i.e. Na SO − and Na + and K + suggested a low-probability of their presence via natural sources [6] . A significant positive relationship between Na + and K + (r = 0.870) was indicative of their common source, which is usually seawater intrusion [39] . The association of Br − and Cl − (r = 0.724) suggests that the Br − comes from the seawater. Table 2 . Correlation coefficient matrix for physicochemical parameters in ground water in Karachi. 
Principal Component Analysis (PCA)
PCA was applied to examine the contribution of each variable in the data set 
Cluster Analysis (CA)
CA was performed to distinguish spatial similarity for grouping of sampling sites (spatial variability) [26] [40] . The output dendrogram (tree diagram; Figure 5 
Risk Assessment
Nitrate level is a key source of information for assessing groundwater contamination through leakage and seepage from sewage systems [41] and industrial fertilizers, along with some redox reactions of nitrogen containing compounds [32] . High concentrations of and pregnant women [42] , which may lead to gastrointestinal carcinoma and thyroid disorders [43] . Therefore, it is very important to closely monitor the HRI CDI RfD = where CDI is the chronic daily intake and RfD is the reference dose (mg/kg/day).
The CDI was determined by using the equation:
where C is the concentration of
, DI is the daily average intake of water (L/day), and BW is the average body weight (kg). The RfD, DI, and BW used in the calculations were 1.6 mg/kg/day, 2 L/day for adult and 1 L/day for children, and 72 kg for adult and 32 kg for children, respectively [44] .
A hazard index of >1 is indicative of increased health risk from 
Geospatial Analysis
Using the localized data points, GIS interpolation tools were used to create a continuous surface in order to explain the similarities and differences between the measured and neighboring sites and describe the level of spatial reliance and inter correlation [32] [45] [46] . For this purpose, measurement data for all ions were interpreted using the geo-spatial tool IDW through ArcGIS 10.1® on a Karachi map. Figures 6-16 present information on the spatial variations in the pH, EC, and concentrations of measured ions in groundwater. The highest pH level found in the PECHS site (Figure 6 ), may be due to high concentrations of alkalis and alkalines ( Figure 14 and Figure 15 ). This supposition is also supported by a high EC value ( Figure 7) . Sites characterized by large dumping sites and seawater intrusion ( Figure 17) show elevated values of Na + with low concentrations of Ca 2+ due to ion exchange process ( Figure 13 and Figure 16 ). Bhittai Colony site showed highest concentration of 
Conclusions
The present study highlighted the fact that the physicochemical parameters measured were the functions of both the geology of the area and human activi- It is of utmost importance to monitor the concentrations of recommended that the authorities take major steps to control and monitor the invasion of these and other contaminants.
